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$L_{P},=4.3$) $111.$, $B=0.6811\iota 1’$. $D=0.236\iota 11$ , $d=0.186\mathrm{r}\mathrm{n}$ .
$f_{\gamma}.=0.05111$ , $W=272.69\mathrm{k}\mathrm{g}\text{ }$. $\overline{KC_{7}}=0.25111.$,
( ) $\overline{cf\mathrm{t}/_{I0}}=.0691\iota 1\mathit{1}^{\cdot}$ $T_{7t7}.=1.94_{\backslash }\sigma’‘\backslash (i)_{\ovalbox{\tt\small REJECT}}$.
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(a) $\mathrm{F}(^{\backslash }1^{\cdot}1^{\cdot}\mathrm{y}111((1(\backslash 1$ (1)$) \mathrm{E}\mathrm{x}_{1})\mathrm{t}\mathrm{Y}1^{\cdot}\mathrm{i}111(\tau 11\dagger \mathrm{i}_{1}1\mathrm{t}\mathrm{h}(\backslash$ wave $\mathrm{t}_{i\mathrm{L}11}\mathrm{k}$
(llnit: 1\sim 1111, slladed area: velticle deck)
Fig.1 Ferry model and experimental setup
( )
Fig $.2(\mathrm{a})$ $\mathrm{T}4^{r}$, $20^{\mathrm{C}}/_{(}$ $\phi$
– ( Fig.7 ) $H_{\text{ }}$ $f$
$H=13.()_{(111}:f=0.69\mathrm{H}r/_{-}$ ( $q$) $(\dagger=0\mathrm{I}^{=}$
19 Odeg.) $t\simeq 65_{\iota}^{\zeta}\{,(\backslash .\mathrm{t}\cdot$ .
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(i) $t$. $<$ $65^{\zeta}1^{\backslash }’(^{\backslash }.(i$ .
$5\mathrm{d}\mathrm{e}\mathrm{g}$ . (ii) $t$. $\simeq 65^{\zeta^{\mathrm{t}}}\backslash ’(,\backslash (i$ .
$20(1(^{3},\mathrm{g}$ . 2 (iii)
( ) ( )
4 ( ) ( )
Fig $.2(\mathrm{b})$ ( $t,$ $>$ $65_{r}^{\mathfrak{l}}\mathrm{i}^{\backslash },\mathrm{t}^{\backslash }(:.)$
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(a) Time history (b) Recorlstructed attractor
Fig.2 Measured roll angle $q$) $(t)$ of the ferry model
( )
The wave height $H=13.0\mathrm{c}\mathrm{l}\mathrm{n}$ , the wave period $T=1.44_{\backslash }\mathrm{s}(^{\backslash }\mathrm{C}.$ , and the ratio of the
amount of flooded water $w$ to the ($1\mathrm{i}\mathrm{s}_{\mathrm{P}\prime \mathrm{m}(11}1\mathrm{a}(i\mathrm{t}^{1}\backslash \text{ }\mathrm{f}$ of the $\mathrm{n}\mathrm{l}\mathrm{O}(1\mathrm{t}^{\mathrm{J}}1$ W. $?\mathit{1}^{f}/\mathrm{W}^{f=}0.2$ .











$(0.611\mathrm{l}\mathrm{x}\mathrm{l}.5\mathrm{m})$ (Fig $.3(\mathrm{a})$ )
(roll) , (sway) , lieave)
( $k=3.92\mathrm{N}/\mathrm{m}$ ) (sway)
(Fig $.3(\mathrm{b})$ )
(a) Experiment in the wavve tank (b) Measuring system






























(a) $H=9.3\mathrm{C}\mathrm{m}(\mathrm{P}^{1})$ (b) $H=10.3\mathrm{C}\ln(\mathrm{P}^{3})$
(c) $H=14.6\mathrm{c}\mathrm{m}(\mathrm{C}_{2})$ (d) $H=15.1_{\mathrm{C}}\mathrm{m}(\mathrm{P}^{2})$
(e) $H=18.2\mathrm{C}\mathrm{m}(\mathrm{C}_{1})$ (f) $H=18.6(i\mathrm{n}1(\mathrm{C}_{3})$
Fig.4 Measured roll motion of the box-shaped model
( )
Left: the time series of the roll angle $\phi$ . right: the $\mathrm{r}(^{1},((11\backslash ‘\backslash ,\tau \mathrm{r}\iota 1(\mathrm{f}()(1\mathrm{a}\mathrm{t}\tau_{1\mathrm{t}}\dot{C}(\mathrm{t}\mathrm{t}\mathrm{l}\cdot$. the
wave freq. $f=0.7\mathrm{H}\mathrm{Z}\text{ }$. the amount of water $\mathrm{i}11_{\iota}‘\grave,\mathrm{i}$ ($1\epsilon\backslash$, thc $\dagger$) $(\mathrm{x}-‘ \mathrm{k}\mathrm{i}^{\mathrm{t}},11\mathrm{a}_{1,,1^{)’}})\mathrm{t}\mathrm{Y}(\iota \mathrm{k}^{\backslash }‘ \mathrm{h}\mathrm{i}(,|=5\mathrm{k}\mathrm{g}$:
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(a) $w=3\mathrm{k}\mathrm{g}$ (b) $w=5\mathrm{k}\mathrm{g}$
Fig.5 Variation of roll motion of the box-shaped model with wave height
( )
$w$ ; the $\dot{c}\iota \mathrm{m}\mathrm{o}\mathrm{l}\mathrm{l}\mathrm{n}\mathrm{t}$ of water in the model ship, $H$ ; the wave height, $\lambda$ ; the wave
length. $\mathrm{P}^{1}$ ; Period 1 . $\mathrm{P}^{2}\backslash$. Period 2, $\mathrm{P}^{3}$ ; Pcriod 3, $\mathrm{C}_{1\backslash }\mathrm{C}\mathrm{h}\mathrm{a}\alpha \mathrm{q}$ of type 1, $\mathrm{C}_{2}$ ;
Chaos of type 2, $\mathrm{C}_{3}$ ; Chaos of type 3.
Fig 5 $w=3\mathrm{k}\mathrm{g}$ $5\mathrm{k}\mathrm{g}$
$H$ , $H/\lambda$ ( $\lambda$ : )
$\mathrm{P}^{1}$ : $\mathrm{P}^{2}$ : 2,4., $\cdots$
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$0=.’.,,.,\coprod\vee-’.,\underline{?!^{i}}\lrcorner n\sim\iota;!_{\iota}^{j}\underline{\prime p}\prime j;;\mathrm{r}$
(g) $\theta=180(1\mathrm{t}^{\tau}\mathrm{g}$. (h) $\theta=210\mathrm{t}\iota \mathrm{c}^{\backslash }\mathrm{g}$ . (i) $\theta=240\mathrm{t}\mathrm{l}\mathrm{c}’ \mathrm{g}$ . (j) $.\theta=270\mathrm{t}\mathrm{l}\mathrm{e}^{\backslash }.\mathrm{g}$ . (k) $\theta=300(1\mathrm{c}^{\backslash }.\mathrm{g}$ . (1) $\theta=330\langle 1\mathrm{e}^{\backslash }.\mathrm{g}$ .
Fig 6Stroboscopic plots ( )
$(1?\backslash 1)\mathrm{h}\mathrm{A}‘,(\mathrm{Y}$. of $\mathrm{i}\mathrm{r}\mathrm{l}(:\mathrm{i}(\iota(\mathrm{Y}\mathrm{l}\mathrm{l}\mathrm{t}\}\backslash \dot{c}\mathrm{L}\mathrm{V}\mathrm{t}^{\backslash }.\zeta\backslash ,\prime l^{f}=5\mathrm{k}\mathrm{g}:H=i81.2(111)$
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Fig 6 $\prime \mathrm{t}\mathit{1}^{1=5},\mathrm{k}g$ . $H=18.2\mathrm{t}\cdot 111$ $(\varphi(f)_{:}$
$\varphi^{l}(t.+\tau))_{\mathrm{d}}$.
$\mathrm{t}_{\theta}.=2\pi\cross j/12$
($j=0\sim 11$ . $\mathrm{t}?:$ )
– $\phi$
$tf$ # 0\sim 360 Fig 6 30
(a) $w=3\mathrm{k}g_{:}H=8.9\mathrm{t}i\mathrm{r}11\text{ }$ $(\dagger))?l^{1=5\mathrm{k}\mathrm{g}},\backslash ,$ $H=18.2(i111$
$\text{ }$ (c) $w=5\mathrm{k}g,$ $H=18.6\mathrm{c}111_{\text{ }}$
$\lambda_{\max}$ (a) $\lambda_{111\mathrm{a}}$. $\mathrm{x}=0.203\pm 0.009,$ $(\dagger))\lambda_{111_{\dot{C}}\iota \mathrm{x}^{=}}0.224\pm 0.012$ .
(c) $\lambda_{\max=}0.330\pm \mathrm{o}.018$
5.
Fig.7 Illustration of two-dimensional motion of a flooded box-shaped ship
in regular waves ( )
$\phi_{\backslash }$ roll an$g1\mathrm{e}$ of a ship. $\chi$ ; slop $‘\backslash$, of the surface of flooded $\mathrm{W}_{C}‘ \mathrm{l}_{}\mathrm{t}J\mathrm{e}1^{\cdot}$ . $b_{\backslash \backslash }.\cdot$ breadth
of a ship, $b_{\tau l},$ ; breadth of a vehicle deck, $d_{9}.$ ; $(1_{1\mathrm{a}}\mathrm{f}\mathrm{t}, f_{\gamma} ; \mathrm{f}_{\mathrm{l}\mathrm{C}(^{1}}J\dagger)0ffl(1$ . $\mathrm{c}f_{\eta l)\backslash }\mathrm{C}1(^{1}1^{\mathrm{J}\mathrm{f}}\mathrm{h}$ of
flooded water. $G_{9}.$ ; $\mathrm{t}\cdot \mathrm{e}\mathrm{n}\mathrm{t}$ ( $J\mathrm{r}$ of gravity of a ship. $c_{\tau_{\mathrm{t}l}}$); center of gravity of flooded




(i) (roll) $(\mathrm{s}\backslash i\backslash r\mathrm{a}\mathrm{y})$ (heave)
(ii) ( $\chi$ )
(iii) $\prime u$)
(iv)
(v) $\overline{\phi}$ $\dot{\chi}$ $(=d/dt)$
Fig 7
$K_{\text{ }}$ $P_{\text{ }}$ $D$
$K_{s}$ $= \frac{1}{2}(I+\delta I)\dot{\phi}^{2}=\frac{1}{2}M\kappa^{2}\dot{\phi}^{2}$ , $I\zeta_{w}$ $= \frac{1}{2}m(x_{G_{w}^{\gamma}}2+yc_{w}^{\tau})27$
$P_{s}$ $=-\rho VgyB_{s}=-(M+m_{\text{ }})gy_{B_{s}}$ , $P_{w}$ $=mgy_{G_{w}}$ , (1)
$P_{c:}$ $=-\emptyset \mathrm{f}\tilde{A}_{0}+\tilde{A}_{1}\sin(\Omega t+\sqrt))\}$ , $D$ $= \frac{1}{2}\tilde{\nu}_{S}\dot{\phi}^{2}+\frac{1}{2}\tilde{\nu}_{w}\dot{\chi}^{2}$ .
$s’ w’ e$ \iota $I$
$\delta I$
$\mathrm{i}lI$ ,\eta $g$
$V$ $\kappa$ $x_{G_{w}}=(xc_{w}, ?JG_{w}^{\mathrm{B}})$




$\frac{rl}{\mathrm{r}lt,}(\frac{\partial L}{\partial\dot{\phi}})-\frac{\partial L}{\partial\phi}+\frac{\partial D}{\partial\dot{\phi}}=0’$. $\frac{}cf}{\mathrm{r}ft_{\text{ }}(\frac{\partial L}{\partial\dot{\chi}})-\frac{\partial L}{\partial\chi}+\frac{\partial D}{\partial\dot{\chi}}=0$ . (2)
$L=K-P$ $K=K_{s}+I\{_{w\text{ }}$ $P=P_{s}+P_{v)}+P_{e}$
$x_{G_{w}}$ $x_{B_{\hslash}}$
$x_{G_{v}}$. $x_{B_{S}}$ (1) (2)
3)
$P=P_{\backslash }.\cdot+P_{\mathrm{t}l)}\text{ }$ $I\mathrm{t}_{\iota v}\nearrow$
4)
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$P(\phi, \theta)$ $\simeq\sigma^{2}\{(\alpha 0+Cy_{2}\emptyset 2)\theta 2++\gamma_{2}\varphi^{\prime 2}\gamma_{4}\phi^{4}\}i$
$I\mathfrak{i}_{w}^{r}(\phi, \theta)$ $\simeq\frac{1}{2}pq_{0}(\phi j)\theta(\dot{\emptyset}2+\dot{\theta}^{2})$ .
(3)
$q_{0}(\phi, \theta)$
$(f \mathrm{o}(\phi, \theta)=\frac{c_{2}}{1+c_{1}(\emptyset+\theta)^{2}}\rangle$ (4)
$\theta=\chi-\phi$ (Fig 7 ) , $\sigma=\sqrt{g/\kappa},$ $\mathfrak{a}_{0},$ ($x_{2},$ $\gamma_{2},$ $\gamma_{4},$ $c_{1},$ $c_{2}$
(2)
$M_{1}\ddot{\Phi}_{1}+N_{1\iota 1}\dot{\Phi}+h+r1=f$ . (5)
$M_{1}=.$ , $N_{1}=$ , $h_{1}= \frac{1}{2}\rho\frac{\partial q_{0}}{\partial\phi}(\dot{\emptyset}+\dot{\theta})^{2}$ ,
(6)
$r_{1}=\sigma^{2}$ , $f=$ .
$\Phi_{1}=(\phi., \theta)^{\mathrm{T}},$ $\rho=m/M$ (5)
$\frac{clu}{clt}=F(t, u)$ . (7)






(7) $u(\dagger$. $=t_{J}\mathrm{o})=u_{0}$ $u=$
$\varphi(f_{,u_{0}},.\lambda)’$ ( $\lambda$ : ) $N$ ( $N$ )
$T$ : $u_{0} \vdasharrow T(u_{0})=\varphi(t=t_{0}+\frac{2\pi}{\Omega}, u_{0}, \lambda)$
( $\Omega$ : ) $N$ $u_{0}=T^{N}(u_{0}, \lambda)$
$\frac{\partial T^{N}}{\partial u_{0}}$ $\mu,i(i.=1\sim 4)$ $\mu_{i}$





:(a) ( $\mu_{\gamma r}\downarrow l\mathrm{J}’.=+1.$, ) . (b)
( $\mu_{\gamma\gamma’.\prime \mathrm{J}x}=-1,$ $Aj\backslash ^{\gamma}$ $2N$ )
$\text{ }$ (c)
( , $=i\ominus:\ominus\neq 0,$ $\pi.$, ( ) )




Fig.8. Two parameter bifurcation diagrams in the $(\Omega, A_{1})$ plane
($p=0.1,$ $A_{0}=1.0\iota\ovalbox{\tt\small REJECT}_{\phi}=0.05$ , and $\mathit{1}\ovalbox{\tt\small REJECT}_{\theta}=0.05$ ). (2 – )
The other parameter values are closely set to the experilnents using the $|$ ) $(\mathrm{x}-$
shaped model. The wave excit.ing moment $A_{1}[_{\iota}9(^{1}J\mathfrak{c}\text{ }]-2$ and the wave $\mathrm{f}\mathrm{r}\cdot(^{\mathrm{Y}}(111(^{)}11(\mathrm{y}$
$\Omega[\mathrm{r}\mathrm{a}\mathrm{d}/\sec]$ are represented in the experilllental scale. Solid line : $\}_{)}\mathrm{i}\mathrm{f}\iota 11^{\cdot}\langle*$
tion curves of the period-l $\mathrm{s}\mathrm{o}1\iota 1\mathrm{t}\mathrm{i}_{\mathrm{o}\mathrm{n}}$ . Dashed line : $\}_{)}\mathrm{i}\mathrm{f}\iota 11^{\cdot}\mathrm{t}i\mathrm{a}\{\mathrm{i}\mathrm{t}$ ) $11$ curves of the
period-2 solution. $\mathrm{G}^{N}$ : the saddle-nodel $\mathrm{b}\mathrm{i}\mathrm{f}\mathrm{i}_{\mathrm{J}_{-}}1^{\cdot}(\mathrm{a}\mathrm{t}\mathrm{i}\mathrm{o}\mathrm{n}$ . $\mathrm{I}^{N}$ : the $\mathrm{P}^{(^{1}\mathrm{r}\cdot \mathrm{i}_{\mathrm{o}(}}\iota_{-}(10\iota 1\})1\mathrm{i}1$
bifurcation. $\mathrm{H}^{N}$ : the $\mathrm{N}G\mathrm{i}_{1}11\dot{\subset}\mathrm{u}\mathrm{k}$ -Sacker $\}_{)}\mathrm{i}\mathrm{f}\iota 11^{\cdot}(‘ \mathrm{d}\mathrm{t}\mathrm{i}_{01}1$. $N$ : the period $N$ sollltion.
(a) Stroboscopic plots of the roll angle (1) $)$ Liapunov exponents
$\phi(t0 \dagger k2\pi/\Omega)\text{ }.k=0i12,\cdots.30;\text{ }$.
Fig 9. One parameter bifurcation diagrams with increase of $A_{1}$
$(p=0.1, \mathrm{A}_{0^{=}}1.\mathrm{o})$ . (Fig 8 1 – )
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Fig 10. An attractor of a chaotic solution of the mathematical model
$(\rho=0.1, A_{0}=1.0, A_{1}=0.6, \Omega=3.5)$ . This attractor is reconstructed
using the delay coordinates $(x,y,z)=(\phi(t), \varphi’(t+\tau),$ $\emptyset(t+2\tau))$ where
1 $2\pi$
$\tau=_{\overline{4}\overline{\Omega}}$
. Unit: degree.) (Fig.9 – )
Fig 9 – 1
$A_{1}$
Fig 8 Fig $.9(\mathrm{a})$
$\phi$ ( – $\phi$ ) $A_{1}$
Fig $.9(\mathrm{b})$ (a)
$A_{1}>0.365$












$\nu_{\emptyset^{=}}0.05,$ $\iota^{\ovalbox{\tt\small REJECT}_{\theta}}=0.05)$ 2 2 , 4 8
, $\cdot$ . .
$ll$ $ll$
(a) The enlarged diagram near $‘ \mathrm{a}$ ’ (b) The enlarged diagram near $‘ \mathrm{b}$
Fig.10 Two parameter bifurcation diagrams near the codimension
two bifurcation points ($\rho=0.1$ and $A_{0}=0$ ). ( 2 2
)
The point $‘ \mathrm{a}$ ’ in (a) denotes the codimension two bifurcation point at $\mathrm{w}\mathrm{h}\mathrm{i}(.1_{1}$
the saddle-node and the period-doubling bifurcations occur. Solid line: $|_{)}\mathrm{i}\mathrm{f}\mathrm{i}_{11}\cdot-$
cation curves of the period-l solution. Dashed line : $\mathrm{b}\mathrm{i}\mathrm{f}_{11}\mathrm{r}\mathrm{t}\cdot.\mathrm{a}$tion curves of the
period-2 solution. Dot-dashed line: bifurcation curves of the period-4 solll-
tions. Dotted line: bifurcation curves of the period-8 solutions. $N$ : the period
$N$ solution. $0^{D^{2}}$ : $\mu_{1},>1_{\mathit{1}}.\mu_{2},=-1,\mu_{\mathfrak{l}}3_{:^{4}}<1$ . $\iota^{I^{2}}$ : $\mu_{1}<-1_{\mathit{1}}.l^{J_{2}},=1_{l}.\mathit{4},3\triangleleft:<1$ .
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